Histone deacetylase (HDAC) inhibitors are a class of promising anticancer reagents. They are able to induce apoptosis in embryonic carcinoma (EC) cells. However, the underlying mechanism remains poorly understood. Here we show that increased expression of zinc-finger protein regulator of apoptosis and cell-cycle arrest (Zac1) is implicated in HDAC inhibitor-induced apoptosis in F9 and P19 EC cells. By chromatin immunoprecipitation analysis we identified that increased Zac1 expression is mediated by histone acetylation of the Zac1 promoter region. Knockdown of Zac1 inhibited HDAC inhibitor-induced cell apoptosis. Moreover, HDAC inhibitors repressed nuclear factor-jB (NF-jB) activity, and this effect is abrogated by Zac1 knockdown. Consistently, Zac1 overexpression suppressed cellular NF-jB activity. Further investigation showed that Zac1 inhibits NF-jB activity by interacting with the C-terminus of the p65 subunit, which suppresses the phosphorylation of p65 at Ser468 and Ser536 residues. These results indicate that Zac1 is a histone acetylation-regulated suppressor of NF-jB, which is induced and implicated in HDAC inhibitor-mediated EC cell apoptosis.
In multi-cellular organisms, apoptotic cell death is a conserved self-destruct and disposal mechanism evolved to eliminate useless or potentially harmful cells. The balance between cell death and survival is regulated by various proapoptotic stimuli 1, 2 and survival signals. Nuclear factor-kB (NF-kB) is a family of widely expressed transcription factors composed of a group of evolutionally conserved and structurally related homo-or heterodimeric DNA-binding proteins. It is an important survival signal, which is frequently observed to be constitutively activated in tumor cells. 3 The p50/p65 heterodimer is the most abundant form of the NF-kB family. In normal cells, its activity is tightly controlled by an array of highly orchestrated events, including subcellular translocation and post-translational modifications. 4 It has been known that NF-kB increases cell viability through activation of the expression of a number of antiapoptotic genes. 5 Histone acetylation is one of the most important epigenetic mechanisms controlling gene expression. Increased histone acetylation is generally associated with a higher gene transcription activity. Aberrant histone acetylation has been found to be implicated in cancer development. 6, 7 The cellular histone acetylation status is tightly regulated by the reciprocal activities of acetyltransferases and histone deacetylases (HDACs). Abnormal HDAC activity or overexpression has been observed in a variety of cancers. 8 HDAC inhibitors include a series of structurally unrelated compounds that can induce apoptosis in tumor cells from diverse origins. Among them, SAHA has been approved for the treatment of cutaneous T-cell lymphoma, and some other HDAC inhibitors are undergoing phase-I or -II clinical trials in malignant diseases. 9 The molecular mechanisms underlying HDAC inhibitor-induced apoptosis of cancer cells are still not well understood. It has been reported that HDAC inhibitor-induced apoptosis is accompanied with the repression of NF-kB activity. 10, 11 These evidences suggest that suppression of NF-kB activity is a critical event in the HDAC inhibitor-induced apoptosis of cancer cells. However, how HDAC inhibitors suppress cellular NF-kB activity remains unclear.
Teratocarcinoma is a cancer that mainly affects young adults. It originates from abnormal embryonic cells or transformed totipotent germinal stem cells. Teratocarcinoma is a heterogeneous tissue composed of differentiated teratomas and highly aggressive embryonic carcinoma (EC) cells that account for the cancer metastasis or relapse after surgery remove. A recent study showed that treatment of EC cells with the HDAC inhibitor apicidin induced apoptosis, 12 suggesting that HDAC inhibitors can be potentially used in the treatment of teratocarcinoma. Thus, investigation of the underlying mechanism through which HDAC inhibitors induce the apoptosis of EC cells can be important for developing the mechanism-based therapeutic strategy.
Zac1 was originally indentified as a zinc-finger protein that induces cell apoptosis and cell-cycle arrest. 13 Zac1 functions as a transcription factor that binds to a specific DNA sequence 14 or as a transcription cofactor for certain nuclear receptors. 15 Zac1 is also a transcriptional coactivator that can enhance p53 transcriptional activation. 16 Although a crosstalk between the p53 and NF-kB pathways has been reported in recent years, 17 the role of Zac1 in NF-kB signaling pathways remains unidentified.
Epigenetic alterations, such as unusual DNA methylation and chromatin histone acetylation, have important roles in the transcriptional silencing of certain antiproliferative genes and in promoting tumorigenesis. 18 It has been reported that Zac1 expression is silenced through DNA methylation in cancer cells. 19 However, whether histone acetylation is involved in regulating Zac1 gene expression needs to be established.
In this study we aimed to investigate the mechanism of HDAC inhibitor-induced apoptosis in F9 and P19 EC cells. We observed that induction of Zac1 by HDAC inhibitors is mediated by histone acetylation of the Zac1 promoter region and associated with the suppression of NF-kB activity. Further experiments showed that Zac1 mediates the suppression of NF-kB activity in HDAC inhibitor-induced apoptosis. In addition, the interaction between Zac1 and the C-terminal region of the NF-kB p65 subunit was also characterized. To explore how Zac1 suppresses NF-kB activity, we examined the subcellular distribution of p65 and its post-translational modifications in response to HDAC inhibitors. We found that phosphorylation at Ser468 and Ser536 of p65 is strongly regulated by HDAC inhibitors. This effect is abrogated by Zac1 knockdown and Zac1 overexpression suppresses p65 phosphorylation at these two sites. Moreover, we found that binding of Zac1 to the NF-kB p65 subunit is required for Zac1-mediated p65 phosphorylation inhibition and suppression of NF-kB activity. These data provide a novel understanding on the mechanism underlying the suppression of NF-kB activity in HDAC inhibitor-induced apoptosis.
Results
HDAC inhibitors activate Zac1 transcription by increasing its promoter histone acetylation. F9 and P19 are EC cells established from testis and embryo tissue, respectively. In response to treatment with the HDAC inhibitors trichostatin-A (TSA) and sodium butyrate (NaBt), the cells underwent apoptosis dose dependently, as shown by both flow cytometry analysis (Supplementary Figure S1a ) and caspase-3 activity assay (Supplementary Figure S1b) . It has been shown recently that HDAC inhibitorinduced cancer cell apoptosis is initiated primarily in a transcription-dependent manner. 20, 21 To explore the underlying mechanisms, we examined the transcription levels of a series of genes involved in the regulation of apoptosis before and after HDAC inhibitor treatment. Among these genes, transcription of Zac1 was markedly increased by TSA (Figure 1a , left and middle panels). Similarly, increased Zac1 mRNA levels were also induced by NaBt (Figure 1a Zac1 is involved in HDAC inhibitor-induced EC cell apoptosis. To determine whether Zac1 upregulation is implicated in cell apoptosis induced by HDAC inhibitors, we designed a small-hairpin RNA (shRNA) targeting Zac1, using a scrambled sequence as the negative control, and obtained two F9 (iZac1#1 and iZac1#2) and one P19 cell clones (iZac1) stably expressing Zac1-shRNA. Zac1 expression levels are strongly reduced after TSA treatment in Zac1-shRNA clones compared with that in the control clones (Figure 2a) . In these cells, TSA-and NaBt-induced apoptosis was significantly inhibited as indicated by FACS (Figure 2b ) and caspase-3 activity (Figure 2c ) assays. These findings indicate that Zac1 induction is critical for HDAC inhibitorinduced apoptosis.
Zac1 upregulation is required for HDAC inhibitorinduced suppression of NF-jB activity. As it has been shown previously that Zac1 functions as a p53 transcription cofactor, 16 we examined whether the p53 pathway is involved in the apoptosis. When F9 cells were treated with TSA for 12 h, Zac1 level was significantly upregulated, without any change in cell viability. At this time point, p53 activity was examined using a p53 luciferase reporter system. As shown in Supplementary Figure S2a , TSA treatment showed no significant effect on p53 activity. BAX and p21 are two typical target genes of p53. We also examined the effect of TSA on the protein expression levels of these genes. However, no increase in the level of these proteins was detected (Supplementary Figure S2b) . A possible explanation of this fact is that basal p53 activity is very high in these cells as compared with that in nontransformed murine AML-12 hepatocytes (Supplementary Figure S2c) . NF-kB is an important cellular survival factor. Changes in NF-kB activity have been reportedly associated with HDAC inhibitor-induced cell apoptosis.
10,11 Therefore, we are interested in determining whether Zac1 upregulationmediated apoptosis is related with the suppression of NF-kB activity. We examined NF-kB-dependent gene transcription in response to HDAC inhibitor. As shown in Figure 3a , TSA and NaBt treatment (12 h) caused a dramatical decrease in the basal level of NF-kB activity in both F9 and P19 cells, as measured using an NF-kB luciferase reporter. We then performed NF-kB luciferase reporter assay in Zac1-shRNA cell clones and found that HDAC inhibitor-induced suppression of NF-kB activity was significantly reduced in these cell clones (Figure 3b ). To further confirm the role of Zac1 in HDAC inhibitor-induced NF-kB repression, we examined the transcription levels of a subset of NF-kBresponsive genes such as Bcl-2, Bcl-xL, and MMP-9. In control cell clones, transcription of these NF-kB-responsive genes was markedly downregulated after treatment with the HDAC inhibitor TSA. However, this effect was significantly attenuated in cells stably expressing Zac1-shRNA (Figure 3c ).
Zac1 represses NF-jB-dependent gene transcription. The fact that Zac1 downregulation significantly reduces HDAC inhibitor-mediated inhibition of NF-kB activity suggests that Zac1 overexpression may suppress the NF-kB activity. To test this possibility, we transfected flag-tagged Zac1 into F9 and P19 cells (Figure 4a ). Indeed, Zac1 overexpression caused a significant decrease in constitutive NF-kB transactivity (Figure 4b ). It also attenuated the transcription of certain genes downstream from NF-kB ( Figure 4c ). As examined by FACS and caspase-3 activity assays (Figures 4d and e), Zac1 overexpression induced cell apoptosis. These data show that Zac1 acts as a suppressor of NF-kB activity, which contributed to its proapoptotic function.
Zac1 interacts with NF-jB p65 subunit. Multiple sequence alignment of Zac1 proteins from 10 species showed that there are two phylogenetically conserved regions in the primary sequence of the Zac1 protein. One is the C2H2 zinc finger containing a DNA-binding region and the other is a Pro-Gln-Glu (PQE)-rich region (data not shown). This observation suggests that the PQE-rich region of Zac1 may have an important role in its biological functions. Using GST-fusion protein chromatography, interaction between the NF-kB p65 subunit and the PQE-rich region of Zac1 was determined ( Figure 5a ) and was further confirmed by coimmunoprecipitation experiments using either anti-myc or the anti-flag antibodies in 293T cells co-expressing myc-tagged p65 and flag-tagged Zac1 (Figure 5b (24 h); right: effect of NaBt (1.5 mM). Zac1 mRNA levels were determined by RT-PCR. GAPDH was used as loading control. (b) Cells were treated with 20 ng/ml TSA (left) or 1.5 mM NaBt (right) for the indicated time periods. Zac1 protein levels were examined by western blotting. (c) Upper: A schematic illustration of a Zac1 gene genomic DNA fragment showing the relative location of the transcription start site and the two amplicons corresponding to two pairs of primers indicated by P1 and P2 used in the ChIP assay. Middle and lower: Cells were treated with 20 ng/ml TSA (middle) or 1.5 mM NaBt (lower) for the indicated time period. ChIP assay was performed using antibodies against the indicated acetylated histones. Rabbit IgG was used as negative control. The precipitated DNA was analyzed by semi-quantitative PCR cRel are another two members of the NF-kB transcription factor family. We also examined whether Zac1 binds to RelB and cRel, but no binding was observed (Supplementary Figure S3) . To identify which portion of the p65 protein is required for its interaction with Zac1, we constructed several truncated p65 expression plasmids ( Figure 5d , upper panel). Among these p65 mutants, only the one containing the 372-to 509-amino-acid sequence can interacts with Zac1 protein molecules ( Figure 5d , lower paenl), indicating that the C-terminal region of p65 is required for Zac1 binding. To determine whether the PQE-rich motif of Zac1 directly interacts with the p65 C-terminal region, GST pull-down assays were performed using recombinant GST-PQE and a 6 Â his-tagged 372-to 551-amino-acid sequence region of p65 (6 Â his-p65 372-551 ). As shown in Figure 5e , GST-PQE, but not GST, was able to pull down purified 6 Â his-p65 372-551 . In purified GST-PQE proteins some degradation bands were observed. The degradation of these fusion proteins is probably because of their fast turnover rate in bacterial cells. To determine whether the Zac1/p65 interaction is required for the NF-kB-inhibitory role of Zac1, a mutated Zac1 with its PQE-rich motif deleted (Zac1 DPQE) was constructed. Owing to this mutation Zac1 lost its ability to bind to p65 (Figure 5f ) and its inhibitory effect on NF-kB activity was abolished (Figure 5g) . Thus, the interaction between the PQE-rich motif of Zac1 protein and the C-terminal region of the NF-kB p65 subunit is critical for inhibition of NF-kB activity by Zac1.
Zac1 impairs p65 phosphorylation at Ser468 and Ser536. p65 nuclear translocation is important for NF-kB signaling. To further understand how Zac1 inhibits NF-kB activity, we examined the subcellular location of the p65 subunit before and after TSA treatment, and observed no change (Supplementary Figure S4) . NF-kB activity is also regulated by acetylation of its p65 subunit. However, no detectable change in p65 acetylation was observed (Figure 6a) . Phosphorylation of the p65 protein at its serine residues is another important regulatory mechanism of NF-kB activity. Ser468 and Ser536 are two important phosphorylation sites locate in the C-terminal of p65. Because binding of Zac1 to the C-terminal region of p65 was observed (Figures 5d and e) , we tested p65 phosphorylation levels at these two sites before and after HDAC inhibitor treatment. TSA treatment strongly decreased the phosphorylation levels of Ser468 and Ser536 residues, which correlated with an increase in the level of Zac1 (Figure 6a) . Similarly, NaBt treatment decreased p65 phosphorylation at these two sites in both F9 and P19 cells (Figure 6b ). To test whether Zac1 overexpression inhibits the phosphorylation of p65 at these sites, flag-tagged Zac1 was transfected into F9 and P19 cells. Zac1 overexpression decreased the levels of p65 Ser468 and Ser536 phosphorylation in both F9 and P19 cells, whereas p65 expression level in the total cell lysate remained unchanged (Figure 6c ). This effect was further confirmed in F9 and P19 Zac1-shRNA cell clones. In control cells, besides induction of Zac1 by TSA, a corresponding decrease in the level of Ser468-and Ser536-phosphorylated p65 was induced. However, expression of Zac1-shRNA abolished this effect (Figure 6d) , and in consistent with this observation, mutated Zac1 without its PQE-rich motif that does not bind to p65 cannot inhibit p65 phosphorylation at these two sites (Figure 6e) . The above results indicate that Zac1/p65 interaction inhibits p65 phosphorylation at Ser468 and Ser536, which is implicated in the inhibitory effect of Zac1 on NF-kB activity.
The expression levels of Zac1 and cellular responses to HDAC inhibitors. Although HDAC inhibitors are potent inducers of apoptosis in EC cells, they do not have the same effect on non-cancer cells such as AML-12 murine hepatocytes and 3T3-L1 fibroblasts (Figure 7a ). To get an insight into this phenomenon, we examined the mRNA levels of Zac1 before and after HDAC inhibitor treatment in these cell lines. In sharp contrast to F9 and P19 EC cells, the basal levels of Zac1 in AML-12 and 3T3-L1 cells are very high but cannot be further upregulated by TSA (Figure 7b ). Low Zac1 levels in F9 and P19 cells correlated with high basal transcription levels of NF-kB-responsive genes, and high Zac1 levels correlated with low basal transcription levels of NF-kB-responsive genes in AML-12 and 3T3-L1 cells (Figure 7c ). In addition, HDAC inhibitors showed no inhibitory effect on basal NF-kB activity in these 
Discussion
Relatively little is known about the effects of HDAC inhibitors on EC cells. Further studies in this field are important for increasing our understanding and for developing potential mechanism-based molecular targets. In this presented study, we showed that upregulation of histone acetylation in the Zac1 promoter induces Zac1 gene expression and suppression of NF-kB activity, which account for HDAC inhibitor-induced apoptosis. These data indicate that epigenetic regulation of Zac1 expression modulates NF-kB activity and the balance between survival and death of EC cells. Because Zac1 is widely expressed in normal tissues, but its expression is undetectable or highly reduced in a variety of tumors, 22-24 the above findings provide a new understanding of the potential mechanisms of cancer formation. To determine whether HDAC inhibitor-induced histone acetylation in the Zac1 promoter is simply due to an increase in the globe histone acetylation, the effect of TSA on cellular globe histone acetylation was examined (Supplementary Figure S5) . TSA-induced increase in globe acetylation occurs later and is weaker than that in the Zac1 promoter (Supplementary Figure S5 and Figure 1c) , indicating that upregulation of histone acetylation in the Zac1 promoter appears to be an early cellular event independent of increment of globe histone acetylation. It is likely that a relatively high level of HDAC activity is required for maintaining the Zac1 promoter at a hypo-acetylated state.
Zac1 knockdown markedly decreases HDAC inhibitorinduced apoptosis, suggesting that the Zac1/NF-kB pathway has a major role in the HDAC inhibitor-induced apoptosis of EC cells. Because it appeared that a relatively complete inhibition of Zac1 expression by Zac1-shRNA cannot totally abolish HDAC inhibitor-induced apoptosis, it is possible that other unidentified mechanisms may also participate in HDAC inhibitor-induced apoptosis in EC cells. For instance, acetylation of non-histone proteins and changes in the expression levels of other proteins may also contribute to the apoptosis induction effect of HDAC inhibitors. [25] [26] [27] HDAC inhibitors suppress HDAC activity in both normal and tumor cells. However, the cytotoxic effect of HDAC inhibitors in tumor cells is fundamentally much stronger than that in non-cancer cells. 28 Our present study provides a possible explanation for these phenomena. As both NF-kB activity and proapoptotic p53 signal levels are high in EC cells but relatively much lower in normal cells, a high level of NF-kB activity constitutes an important factor for the survival of F9 and P19 cells. Thus, HDAC inhibitors selectively exerted their proapoptotic effect in EC cells through inhibition of NF-kB activity. This possibility was further supported by the observation that the expression level of Zac1 is very low but can be strongly induced by HDAC inhibitors in EC cells. In non-cancer cells, the fact that a high Zac1 basal level or treatment with HDAC inhibitors does not result in cell apoptosis suggests that low NF-kB activity alone is not sufficient to cause cell death, because the basal proapoptotic p53 signal is correspondingly very low in these cells.
Zac1 can interact with the p65 but not the p50, RelB or cRel subunit of NF-kB, and the PQE-rich motif of Zac1 interacts with the C-terminal region of the NF-kB p65 subunit. These two observations are compatible with each other because there are no homolog sequences among the C-termini of p65 and the other three subunits. Phosphorylation of the p65 subunit of NF-kB is a major post-translational modification that regulates NF-kB activity. A series of phosphorylation sites on the NF-kB p65 subunit has been identified. Ser468 and Ser536 are two typical phosphorylation sites in the C-terminal region of p65. The phosphorylation levels of these two sites are dramatically increased upon stimulation of NF-kB activity. 29, 30 Moreover, studies show that tumor cell apoptosis induced by anticancer reagents is associated with decreased p65 phosphorylation at Ser536 residue, [31] [32] [33] suggesting that p65 Ser536 phosphorylation is important for maintaining cancer cell survival and can be inhibited by anticancer reagents. In this study we showed that not only phosphorylation of Ser536 but also phosphorylation of Ser468 is downregulated during HDAC inhibitor-induced apoptosis of EC cells. Although a negative regulatory role of Ser468 phosphorylation in NF-kB activation has been observed, 34 some later reports showed that phosphorylation of Ser468 serves to enhance NF-kB-dependent gene transcription in different systems. 29, 35 Our findings support a positive role of p65 Ser468 phosphorylation in NF-kB activity, and suggest that repression of p65 phosphorylation at both Ser468 and Ser536 residues is involved in the inhibition of NF-kB activity and cell apoptosis.
Phosphorylation of p65 Ser468 and Ser536 residues can be induced by certain kinases. 29, [35] [36] [37] However, very little is known about factors that inhibit the phosphorylation of these residues. In this study, we showed that Zac1 inhibits the phosphorylation of p65 Ser468 and Ser536. The basal level of Zac1 is very low in untreated EC cells. Zac1 upregulation Figure 5 Zac1 interacts with the NF-kB p65 subunit. (a) GST pull-down assay was performed using GST fused with the PQE-rich motif of Zac1 (GST-PQE) and F9 cell total lysates. Associated proteins were eluted and analyzed by western blotting with anti-p65 antibody. The purified proteins used in this assay were visualized by Coomassie blue staining. (b) 293T cells were transfected with the plasmids as indicated. Twenty-four hours later, cell extracts were subjected to immunoprecipitation using the indicated antibodies and then analyzed by western blotting. (c) F9 cells were treated with vehicle or 20 ng/ml TSA for 24 h. Then cell lysates were prepared. Immunoprecipitation and western blotting were performed using the indicated antibodies. (d) Upper: A schematic illustration of p65 and its mutants (RHD, Rel homology domain; NLS, nuclear localization signal; TAD, transactivation domain). Lower: 293T cells were co-transfected with flag-Zac1 expression plasmids and myc-p65, or its truncations vectors. Cell lysates were immunoprecipitated using anti-myc antibody and the bound proteins were analyzed by western blotting using anti-flag antibody. (e) The GST pull-down assay was performed using GST-PQE and bacterially expressed 6 Â his-p65 372-551 . Associated 6 Â his-p65 372-551 was detected by western blotting using anti-6 Â his antibody. The purified proteins used in this assay were visualized by Coomassie blue staining. (f) Flag-tagged wild-type Zac1 or mutated Zac1 were transfected into F9 cells. Forty-eight hours later, cell extracts were subjected to immunoprecipitation using the indicated antibodies and then analyzed by western blotting. (g) F9 cells were co-transfected with 3 Â kB-Luc, Renilla luciferase reporter, and the indicated Zac1 expression vectors. Cells were subjected to luciferase activity assay 24 h after transfection. The asterisks in this figure denote the degraded bands of the GST-PQE fusion protein through increased acetylation in its gene promoter by HDAC inhibitors inhibits the phosphorylation of p65 Ser468 and Ser536, and causes cell apoptosis, which suggests that repression of Zac1 expression by promoter hypo-acetylation accounts for the high phosphorylation levels in Ser468 and Ser536 residues, and the high NF-kB activity.
Consistent with previous reports, 10, 11 we observed that HDAC inhibitors repress NF-kB activity in EC cells. On the other hand, Chen et al. 38 reported that HDAC inhibitors are able to induce NF-kB activity through directly increasing the acetylation of the NF-kB p65 subunit. In our study we did not find changes in the acetylation of p65 protein by HDAC inhibitor treatment. HDAC inhibitor represses NF-kB activity through increasing histone acetylation in the Zac1 promoter, which activates Zac1 gene transcription. A possible explanation for this discrepancy is that acetylation of the histones in the Zac1 promoter is more sensitive to inhibition of HDAC activity than p65 protein. In addition, the concentration of TSA we used is much lower than that used in their study, which may not be high enough to increase p65 acetylation. We cannot exclude the possibility that complex mechanisms are involved in cellular NF-kB regulation in response to HDAC inhibitors.
In brief summary, our results show that Zac1 has a critical role in HDAC inhibitor-mediated apoptosis in F9 and P19 EC cells. HDAC inhibitors induce the histone acetylation of the Zac1 promoter and thereby increase its expression. Zac1 interacts with and inhibits the phosphorylation of the Ser468 and Ser536 residues of the p65 subunit, leading to suppression of NF-kB activity and induction of apoptosis. The results indicate that an epigenetic regulation of Zac1 expression and Figure 6 Zac1 inhibits NF-kB p65 subunit phosphorylation at Ser468 and 536 residues. (a) F9 cells were exposed to 20 ng/ml TSA for the indicated time periods and then p65 protein was immunoprecipitated using an anti-p65 antibody. Total p65 and p65 phosphorylation at Ser468 and Ser536 were visualized using corresponding antibodies. Acetylation of p65 was detected using an antibody specific to acetylated lysine. Zac1 and p65 protein levels in the total lysate were also shown. (b) F9 and P19 cells were treated with 1.5 mM NaBt for 12 h, and then p65 phosphorylation levels at Ser468 and Ser536 were detected as described in panel a. The Zac1 proteins interacting with p65 are also shown. (c) F9 and P19 cells were transfected with plasmids encoding flag-Zac1. Forty-eight hours after transfection, p65 phosphorylation levels at Ser468 and Ser536 were detected. The level of transfected Zac1 (detected by anti-flag tag antibody) and the total p65 level (detected by anti-p65 antibody) in the total lysate were also shown. (d) F9 and P19 cell clones were treated with 20 ng/ml TSA (12 h). Cellular Zac1, p65, Ser468-, and Ser536-phosphorylated p65 were examined as described above. (e) F9 cells were transfected with the indicated plasmids. Forty-eight hours later, p65 phosphorylation levels at Ser468 and Ser536 were detected. The level of transfected Zac1 and total p65 level in cell lysate were also shown suppression of NF-kB activity by Zac1 are implicated in the HDAC inhibitor-induced apoptosis of F9 and P19 EC cells. The above results are schematically illustrated in Figure 8 .
Materials and Methods
Cell culture and transfection. Murine F9 and P19 EC cells, 3T3-L1 fibroblasts and human embryonic kidney (HEK) 293T cells were cultivated in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal calf serum (Invitrogen, Carlsbad, CA, USA) and supplied with penicillin (100 U/ml) and streptomycin (100 mg/ml). For F9 cells, dishes were coated with 0.1% gelatin. Murine AML-12 hepatocytes were cultured as previously described by Zhang et al.
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Cells were incubated at 371C in a humidified atmosphere of 5% CO 2 . The concentrations of the HDAC inhibitors TSA and NaBt used in the experiments were 20 ng/ml and 1.5 mM, respectively, unless otherwise indicated. The cells were transfected with the Lipofectamine reagent (Invitrogen) according to the manufacturer's instructions. For transient transfected cells, experiments were performed 24-48 h after transfection. Stable transfected cells were obtained by G418 (800 mg/ml) selection after transfection.
Plasmids, antibodies, and reagents. To generate the GST-fusion protein of Zac1 317-530 using a bacteria-expression system, appropriate PCR fragments were cloned into the pGEX-4T-1 vector. To knock down Zac1 expression in F9 cells, the pPGKsuper vector was used for the expression of shRNA. The target sequence of Zac1 is 5 0 -AAAAATGTGGCAAGTCCTTCG-3 0 , and the scrambled sequence (5 0 -GACCGAGTTATACGGCTTAAA-3 0 ) was used as control. NF-kB p65 deletion mutants were amplified by PCR and subsequently cloned into the mammalian expression vector pcDNA3.1A. All of the above constructs were validated by DNA sequencing. Polyclonal rabbit anti-Zac1 and anti-p65 antibodies, and monoclonal mouse anti-HA-tag, anti-flag-tag and anti-myc-tag antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Polyclonal rabbit anti-acetylated histones and anti-phosphorylated p65 and monoclonal mouse anti-actin antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA). TSA and NaBt were purchased from Sigma-Aldrich (Stockholm, Sweden).
Flow cytometry analysis (FACS).
Cells were trypsinized and fixed with 70% ethanol for over 2 h at 41C. The cells were then pelleted and washed with PBS with 20 mM EDTA. RNA was removed by incubating the samples with RNase-A (1 mg/ml) at 371C for at least 1 h. Cells were then stained with 30 mg/ml propidium iodine (PI) and detected by flow cytometry (Becton Dickinson FACSCalibur, Franklin Lakes, NJ, USA). The cell apoptotic rate was represented by the percentage of sub-G 1 DNA content.
Caspase-3 activity assay. Cells were treated as indicated, and they were then trypsinized and washed once with PBS. The cells were collected and lysed with buffer containing 50 mM HEPES (pH 7.4), 100 mM NaCl, 0.1% CHAPS, 1 mM DTT, and 0.1 mM EDTA for 10 min on ice, and they were centrifuged at 12 000 Â g for Figure 7 The effect of HDAC inhibitors on several non-cancer cell lines. (a) Cells were treated with 50 ng/ml TSA (left) or 5 mM NaBt (right) for 48 h. Cell apoptosis was determined by FACS assay. (b) Cells were treated with the indicated concentration of TSA for 24 h. Then the Zac1 transcriptional level was examined by RT-PCR. (c) Total RNA was extracted from the cells, and then the mRNA levels of the indicated genes were detected by RT-PCR. (d) Renilla luciferase and 3 Â kB-Luc reporters were cotransfected into cells as indicated. Twenty-four hours later, cells were treated with TSA (left two panels) or NaBt (right two panels) for 12 h, followed by luciferase activity assay Zac1 inhibits NF-jB activity and induces apoptosis G Shu et al 10 min at 41C. The supernatants were collected and protein concentrations were determined by Bradford's method. Then, 30 mg of each protein extract was incubated with 400 mM caspase substrate in 100 ml of caspase activity assay buffer (50 mM HEPES (pH 7.4), 100 mM NaCl, 0.1% CHAPS, 10 mM DTT, 0.1 mM EDTA, 10% glycerol) for 2 h at 371C. Optical density (OD) was measured at 405 nm.
ChIP assay. ChIP assay was performed as previously described by Tang et al.
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A portion of the precipitated DNA was used for each PCR. The primer sequences used for detecting the precipitated DNA are as follows (5 0 -3 0 ):
p1f: CATGGCACTTGGCCTTTATT p1r: CAAGTATCCTGCTGGGAAGC p2f: TGTTTCATGAGCCACCAGAG p2r: CGAAGGACTTGCCACATTTT Cell lysate preparation and western blotting. Cells cultured in 35-mm dishes were lysed in 0.2 ml of ice-cold lysis buffer containing 50 mM HEPES (pH 7.4), 5 mM EDTA, 50 mM NaCl, 1% Triton X-100, 50 mM NaF, 1 mM Na 3 VO 4 , 10 mM Na 4 P 2 O 7 , 10 mg/ml aprotinin, 10 mg/ml leupeptin, and 1 mM PMSF. The lysates were centrifuged at 12 000 Â g for 15 min. The supernatants were collected and protein concentrations were determined by Bradford's method. The proteins were separated by sodium dodecyl sulfate (SDS)-PAGE and were transferred to a nitrocellulose membrane (Hybond ECL). The membrane was blocked for 30 min with 5% skimmed milk in Tris-buffered saline containing 0.1% Tween-20 (TBST) and subsequently incubated with a primary antibody (1 : 2000 dilution) overnight at 41C. After washing with TBST for 30 min at room temperature, the membrane was then incubated with a horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology) for 2 h, followed by 45 min of washing (with three to five changes of the wash buffer). Protein bands were finally visualized by enhanced chemiluminescence (ECL) using the Super Signal Reagents (Pierce, Rockford, IL, USA).
Reverse transcription-PCR. Reverse transcription-PCR (RT-PCR) analysis was performed as described previously by Zhang et al. 39 Briefly, total RNA was extracted using the Trizol reagent (Invitrogen) according to the manufacturer's instructions. After RNA integrity was checked by agarose gel electrophoresis and ethidium bromide staining, 3 mg of RNA was reverse-transcribed at 421C for 30 min using ReverTra Ace-a (Toyobo, Osaka, Japan). The primer sets for amplification are listed below (5 0 -3 0 ):
GST pull-down assay. GST, the GST-fusion protein of Zac1 317-530 , and 6 Â his-tagged p65 372-551 were expressed in Escherichia coli BL21 strain and purified by affinity chromatography using glutathione or Ni-NTA agarose (Amersham Pharmacia, Buckinghamshire, England) according to the manufacturer's instructions. Cell lysates or purified 6 Â his-p65 372-551 proteins in 1 ml of binding buffer (20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA, 10% glycerol, 0.1% Nonidet P-40) were incubated at 41C for 3 h with GST or the GSTfusion protein of Zac1 317-530 already bound to the glutathione beads. The beads were then washed and eluted in 50 ml of 1 Â SDS-PAGE loading buffer and detected by western blotting.
Luciferase reporter gene assay. Luciferase activity was measured as described previously by Tang et al. 40 Briefly, cells were seeded on 24-well plates and cultured for 24 h before transfection. To normalize luciferase activity, the luciferase reporter construct was transfected with the pRL-TK plasmid (Promega, Madison, WI, USA) containing the Renilla luciferase gene driven by the herpes simplex virus thymidine kinase promoter. After transfection, media were replaced and incubated with various stimuli for the time periods indicated. Luciferase activities were measured using the Dual Reporter assay system (Promega) according to the manufacturer's instructions.
Preparation of subcellular fractionation. Cells were harvested, washed twice with 1 Â PBS, and resuspended on ice in 180 ml of CLB buffer (10 mM HEPES, 10 mM NaCl, 1 mM KH 2 PO 4 , 5 mM EDTA, 1 mM CaCl 2 , 0.5 mM MgCl 2 ) for 5 min. Thirty strokes with a glass homogenizer were applied to the mixture, followed by adding 20 ml of 2.5 M sucrose. After centrifugation for 10 min at 6300 Â g, the supernatants were removed as the cytoplasmic fraction. The pellet was resuspended in 0.5 ml of TSE buffer (10 mM Tris, 300 mM sucrose, 1 mM EDTA, 0.1% (v/v) Igepal-CA-630 (pH 7.5)) and homogenized with 50 strokes of a glass homogenizer. This suspension was then centrifuged at 4000 Â g for 5 min. The resulting supernatant was discarded and the pellet was washed with the TSE buffer until the supernatant was clear. The resulting pellet was resuspended in 80 ml of the TSE buffer as the nuclear fraction.
Immunoprecipitation assay. Cell pellets were lysed in ice-cold RIPA buffer (phosphate-buffered solution containing 1% Nonidet P-40, 0.1% SDS, 0.5% sodium deoxycholate) supplemented with 50 mM NaF, 1 mM Na 3 VO 4 , 10 mM Na 4 P 2 O 7 , 5 mg/ml aprotinin, 5 mg/ml leupeptin, and 1 mM PMSF. After the insoluble fraction was removed by centrifugation at 41C for 15 min (12 000 r.p.m.), whole-cell lysates were pre-cleared using protein-G sepharose. Immunoprecipitation was performed by incubating the above lysates with protein-G sepharose, pre-absorbed with 2 mg of the indicated primary antibodies at 41C for 2 h, using an equal amount of normal Figure 8 Summary by schematic illustration. The histone of the Zac1 promoter in untreated EC cells was hypo-acetylated, which repressed Zac1 gene transcription. HDAC inhibitors induced histone acetylation and increased Zac1 expression. Zac1 protein bound to the NF-kB p65 subunit and inhibited its phosphorylation at Ser468 and Ser536, leading to suppression of NF-kB activity and induction of cell apoptosis. The reverse process, as indicated by a dashed arrow, shows a potential pathway that maintains NF-kB activity and is important for cancer cell survival. High levels of HDAC or HDAC activity maintained the Zac1 promoter in a hypo-acetylated state and thus suppressed Zac1 expression, which accounted for the relatively high phosphorylation levels at Ser468 and Ser536 residues of p65 protein and the relatively high NF-kB activity IgG as negative control. After extensive washing, the sepharose beads were boiled in 50 ml of 1 Â SDS-PAGE loading buffer. The eluted proteins were then subjected to western blotting.
All results shown are representative of or the statistics (mean value ± S.E.) of at least three independent experiments.
